SUMMARY. To understand more fully the role of the arterial baroreceptor reflex on systemic and pulmonary vascular resistance, we studied the influence of the carotid sinus baroreceptor reflex control system on the entire systemic and pulmonary arterial pressure-flow relationships. Ten pentobarbital-anesthetized dogs, whose carotid sinuses were isolated, were used in a preparation in which the right and left hearts were bypassed to control systemic and pulmonary blood flows. At intrasinus pressures of 50, 125, and 200 mm Hg, systemic and pulmonary arterial pressures were measured in response to step changes in systemic and pulmonary blood flows from 0 up to 200 ml/min per kg. The systemic arterial pressure-flow relationship exhibited a marked nonlinearity, especially at either high or low flows. A third-order polynomial fit was found to represent the steady state systemic arterial pressure-flow relationship best. Blood flow autoregulation was reflected as a secondary change in systemic arterial pressure at constant flow approximately 15 seconds after the initial response. Blood flow autoregulation was seen in the entire systemic vascular bed over the entire range of flows studied. The degree of autoregulatory pressure change was dependent on the flow, but not on intrasinus pressure. This autoregulation significantly contributed to the shape of the systemic arterial pressure-flow relationship. The steady state arterial pressure-flow relationship shifted upward and toward the pressure axis, increasing the calculated incremental resistance and total peripheral resistance as intrasinus pressure was decreased. The systemic zero-flow arterial pressure was found to increase with decreases in intrasinus pressure. The pulmonary arterial pressure-flow relationship was found to be linear in the range of flows studied from 25 up to 200 ml/min per kg. Blood flow autoregulation was not found to be a significant response in the pulmonary vascular bed. Decreases in intrasinus pressure increased the slope of the pulmonary arterial pressure-flow relationship. These data indicate that the carotid sinus baroreceptor reflex system has direct control of the entire systemic and pulmonary arterial pressure-flow relationships. (Circ Res 54: 674-682, 1984) 
IT is recognized that the carotid sinus baroreceptor reflex controls systemic and pulmonary vascular resistance (Shoukas, 1982) . When resistance is defined as arterial minus venous pressure divided by flow, one assumes that the pressure-flow relationships are linear.
Several studies on the entire systemic vascular bed have demonstrated that the pressure-flow relationship could be regarded as linear over a selected range of pressure or flow (Levy et al., 1954; Sagawa and Eisner, 1975; Rumberger et al., 1978) . However, others have found the systemic arterial pressureflow relationship to be nonlinear and to exhibit blood flow autoregulation (Folkow, 1953; Granger and Guyton, 1969; Shepherd et al., 1973; liedtke et al., 1973; Borgdorff, 1983) . These studies present considerable conflicting information regarding the arterial pressure-flow relations. In addition, the role of the baroreceptor reflex in modulating the arterial pressure-flow relationship remains unclear. To our knowledge, there have been no reported studies concerning the carotid sinus baroreceptor reflex control of the entire pulmonary arterial pressure-flow relationship.
The purpose of the present study was to determine the contribution of local blood flow autoregulation and carotid sinus input to the shape of the pressureflow relationships for the entire systemic and pulmonary vascular beds. monitor end-tidal tracheal pressure, which was controlled at 3 cm H 2 O. The endotracheal rube was connected to a respirator (Harvard; Variable Phase Dog Ventilator, Model 613) using room air supplemented with 95% O2 and 5% CO 2 . Arterial blood gases were monitored intermittently. Average arterial Po 2 was 112 ± 8 mm Hg, and PCO2 was 22 ± 4 mm Hg. The low value for Pcch reflects loss of carbon dioxide from the open reservoir system.
The left and right carotid sinuses were isolated (Shoukas and Sagawa, 1973) from the rest of the circulatory system. The internal and external carotid arteries and any small branches originating from the carotid bifurcation were completely ligated. A four-way connector was attached to the distal segment of each common carotid artery, the proximal end of the right common carotid artery, and a servocontrolled nonpulsatile pressure generating system. The proximal end of the right common carotid artery was clamped when intrasinus pressure was to be controlled. Mean intrasinus pressure was monitored via catheters placed in the left and right lingual arteries and commonly joined to a pressure transducer (Statham, P23AC) . The cervical vagosympathetic trunks were exposed and cut to eliminate the buffering effect of the aortic arch baroreceptor reflex and the cardiopulmonary receptor reflexes. Some reflex input from cardiac receptors could have persisted despite vagotomy. However, because of the way in which cardiac pressures were controlled, effects from sympathetic afferents were minimized. Intrasinus pressure was initially set at 125 mm Hg and maintained at that level during the following bypass surgery.
The chest was opened by means of a mid-sternal thoracotomy. Heat cauterization and ligation of cut tissue masses were used to minimize blood loss. Figure 1 illustrates the surgical preparation and the perfusion circuit necessary to measure the pulmonary and systemic vascuj]| Pulmonary Arterial Presstre Pumpi FIGURE 1. Experimental preparation. See text for explanation of surgery lar arterial pressure-flow relations. The entire perfusion system was initially primed with approximately 800 ml of heparinized whole blood from a donor dog. The left and right femoral arteries were cannulated distally and proximally and connected to a perfusion pump, pump 2 (Sarns, model 5M6002). Next, the pulmonary artery was cannulated and the cannula was held in place with a purse-string suture. Normal right ventricular ejection continued throughout this procedure. The pulmonary artery cannula was connected to the outflow of a perfusion pump, pump 1, (Sams, model 5M6002). A large bore cannula with multiple side holes was placed into the right ventricle via the right atrial appendage. The balloon around the pulmonary artery cannula was inflated and perfusion pump 1 was started. All blood returning to the right heart drained into reservoir no. 1. The dog was allowed to stabilize for approximately 5 minutes prior to the initiation of the left heart bypass so that the dog's arterial pressure would be within 10 mm Hg of the original pressure.
The final procedure was to bypass the left ventricle. A large bore cannula with side holes was introduced into the left ventricular lumen and its tip positioned through the mitral valve into the left atrium. Blood returning from the pulmonary vascular bed then drained into reservoir no. 2. Perfusion pump no. 2 was immediately started at a rate equal to the flow of pump no. 1. The heart was then purposefully fibrillated. The initial perfusion flow rate averaged 110 ± 14.3 ml/min per kg for the 10 dogs.
Systemic mean arterial pressure was measured through a catheter placed in the thoracic aorta via the left common carotid artery. The catheter was connected to a pressure transducer (Statham, P23AC). Mean pulmonary artery pressure was measured with a multiple side-hole catheter connected to a pressure transducer (Statham, P23Db) . Mean central venous and mean left ventricular pressures were measured with catheters located inside the cannulas inserted in the right atrium and left ventricle, respectively. The catheters were connected to pressure transducers (Statham, P23BB). Left atrial pressure was measured via a catheter sutured into the left atrial appendage and connected to a pressure transducer (Statham, P23Db) . The zero pressure reference for all pressure measurements was set at the junction of the inferior vena cava and right heart under direct inspection.
The height of the opening of the tube which drained the systemic vascular bed into reservoir no. 1 was adjusted so that mean central venous pressure was controlled at 3 mm Hg. Mean left atrial pressure was controlled at 4 mm Hg by adjustment of the height of the opening of tube which drained the pulmonary vascular bed. End expiratory pressure was kept at 3 cm H 2 O. Before each experimental run, the end-expiratory pressure was temporarily raised to approximately 15 cm H 2 O to prevent the development of atelectasis.
Pumps 1 and 2 were equipped with tachometers which produced an electrical signal proportional to the speed of each pump. The speeds were recorded and calibrated against reference flows measured with a stopwatch and graduated cylinder. All pressure and flow signals were smoothed by a low-pass filter with a time constant of 1 second and recorded on an ink recorder (Brush, model 2800). All flow data presented were normalized to individual body weights.
Experiments were performed when all pressures and flow had stabilized. At an intrasinus pressure of 125 mm Hg, the systemic arterial pressure-flow relationship was determined by step changing systemic arterial flow (pump 2) and measuring mean arterial pressure. The flow into the systemic arterial vascular bed was first increased in steps to approximately 150 ml/min per kg and then decreased in approximately 10 steps from 150 to approximately 20 ml/min per kg. The flow was then increased back to its initial level in a single step. The flow was abruptly stopped to zero for no more than 20 seconds to obtain the zero-flow pressure (Brunner et al., 1983) . During this entire procedure, pulmonary blood flow was maintained at 100 ml/min per kg. The pulmonary arterial pressure-flow relationship was then determined by a similar procedure.
Intrasinus pressure was changed from 125 to 50 mm Hg, and the entire procedure of obtaining the systemic and the pulmonary arterial pressure-flow relationships was repeated. Intrasinus pressure then was changed to 200 mm Hg and the procedures repeated again. The order of changing intrasinus pressure from the control of 125 to either 50 or 200 mm Hg was randomized among dogs. All data are reported as mean ± SEM (n = 10 dogs).
Statistical Methods
The shape of the systemic pressure-flow relationship was examined in a stepwise manner by use of polynomial regression. Increasingly higher order terms were added one at a time to the polynomial model and tested for statistical significance. If the term was not found significant, the previously added lower order terms were retained in the model. This relationship was examined separately for each dog and at each intrasinus pressure.
The effect of intrasinus pressure on the systemic arterial pressure-flow relationship was examined by use of a multiple regression model. Terms were included to account for linear, quadratic, and cubic flow, intrasinus pressure, and the interaction of flow and intrasinus pressure. The interaction term tests whether the pressure-flow relationship differs at intrasinus pressures of 50, 125, and 200 mm Hg.
The effect of intrasinus pressure on arterial pressure at zero-flow was examined in a separate analysis. A twoway analysis of variance was performed, using dogs as blocks, and including a three-level treatment factor for intrasinus pressure.
The relative importance of absolute blood flow and intrasinus pressure in determining changes in arterial pressure was investigated. This relationship was tested separately in each dog. First, separate linear regressions of autoregulatory changes were performed on absolute flow and on intrasinus pressure. Then, in a multiple regression model, the importance of each independent variable over and above the other was tested.
The relationship of the pulmonary arterial pressureflow relationship was determined for each dog at intrasinus pressures of 50, 125, and 200 mm Hg and was found to be consistently linear in shape. To test for differences in slope across levels of intrasinus pressure, a two-way analysis of variance was used blocking on dogs. Linear and quadratic orthogonal contrasts for trend were used to test for nonlinearity.
Results

Systemic Arterial Pre9sure-Flow Relations
Shown in' Figure 1 is a representative steady state arterial pressure-flow relation for one dog at intra- sinus pressures of 50, 125, and 200 mm Hg. The arterial pressure-flow relationship at any given intrasinus pressure was found to be nonlinear. In nine of the 10 dogs, the best fit was obtained with a third-order polynomial (P < 0.05) for all intrasinus pressures. In one dog, a quadratic fit best described the arterial pressure-flow relationship (P < 0.05).
In each of the 10 dogs, intrasinus pressure was found to affect the steady state arterial pressureflow relationship. For all dogs, the intrasinus pressure by flow interaction was highly significant (P < 0.001). The steady state arterial pressure-flow relationship shifted upward and toward the pressure axis as intrasinus pressure was decreased from 200 to 125 to 50 mm Hg, as shown in Figure 2 . This shift is indicative of an increase in resistance calculated either incrementally or as total peripheral resistance. In addition, the zero flow arterial pressure was also found to increase (P < 0.05) from 13.30 ± 1.33 to 15.08 ± 1.65 and 16.36 ± 2.5 (SEM) mm Hg when intrasinus pressure was decreased from 200 to 125 to 50 mm Hg. Table 1 gives the coefficients, range of flows, and P values for the best fit steady state arterial pressureflow relationships in 10 dogs for each intrasinus pressure. The range of flows given in column 2 of the table represents the bounds on the applicability of the given relationships. Figure 3 shows the systemic arterial pressure-flow relationships from two dogs. These two relationships demonstrate the large degree of inter-animal variation. Due to the resulting high arterial pressures, data were not collected in dog no. 4 at flows above 130 ml/min per kg. Deterrnining an average relationship is not meaningful because of the wide variability of flow and pressures between dogs, rel- 
ative to the variability within dogs. Despite the large variation in the level and slope of the pressure-flow relationships, the response to carotid sinus baroreceptor stimulation was always similar, both qualitatively and quantitatively.
In nine of the 10 dogs, it was clear that when systemic blood flow was changed, there was an immediate concomitant change in arterial pressure which tended to plateau. Ten to 15 seconds after a step increase or decrease in blood flow, there was a secondary increase or decrease in the arterial pressure which persisted despite the fact that flow did not change. Figure 4 shows a typical recording of these pressure changes. The secondary increase or decrease in pressure at constant flow is indicative of flow autoregulation in the entire systemic vascular bed. The arterial pressure data shown in Figures 2 and 3 and given in Table 1 are the steady state values which include the flow autoregulatory response. Nine of the 10 dogs showed the autoregulatory response and were additionally analyzed.
Shown in Figure 5 is the arterial pressure-flow relationship from one of the dogs at intrasinus pressure of 125 mm Hg. The large dark circle is the initial steady state arterial pressure-flow point. When flow was stepwise increased, the arterial pressure immediately increased to a new arterial pressure indicated by the broken line and open circle. As indicated, 10-15 seconds later, the arterial pressure rose again, despite the constancy of systemic blood flow, to a higher arterial pressure, and remained at that value as shown by the vertical dashed line and solid circle. The secondary increase in arterial pressure, which is represented by the height of the vertical line, is a measure of the increase in vascular resistance caused by the autoregulatory response. The degree to which the autoregulatory response existed was examined over the entire flow range studied. The autoregulatory increase in arterial pressure at the various flows is indicated by solid squares at the bottom of Figure 5 .
We examined the relationship between the secondary increase or decrease in arterial pressure and the level of intrasinus pressure and the absolute level of blood flow in all dogs. These data were plotted over the maximum applicable flow range and are shown in the upper panel of Figure 6 . Multiple linear regression showed no significant correlation between the secondary arterial pressure change and intrasinus pressure. Since the influence of intrasinus pressure was found to be not significant, the lower panel of Figure 6 includes data taken at all intrasinus pressures. There was a highly significant (F < 0.001) relationship between the sec- ondary change in arterial pressure and blood flow. This relationship between the autoregulatory change in pressure and flow for all nine dogs was best represented by a second order polynominal fit (P < 0.05). The P value associated with these secondorder fits was always <0.05 except for dog 5, in which no reasonable fit of the data could be made. The coefficients were averaged for all the dogs in which there was a significant second-degree fit. Therefore, the degree of autoregulation exhibited by the total systemic vascular bed depends directly on flow, and plateaus at or before 100 ml/min per kg, the level of normal flow, and is not influenced by the carotid sinus baroreceptors over the entire range of flows studied.
Pulmonary Arterial Pressure-Flow Relationship
Shown in Figure 7 is the steady state pulmonary arterial pressure-flow relation from a representative dog at intrasinus pressures of 50, 125, and 200 mm Hg. A linear fit was found to represent the pulmonary arterial pressure-flow relationships for all dogs at all three intrasinus pressures best. 6.3 ± 1.06 5.8 ±1.10 3.5 ± 0.65 kg). A two-way analysis of variance yielded a difference in slopes at the P < 0.08 level of significance. A linear orthogonal contrast for trend showed that the slopes decreased with increasing intrasinus pressure (P < 0.05). In the 10 dogs, we did not observe a secondary increase or decrease in arterial pressure following step changes in pulmonary arterial flow, as seen in the systemic vascular bed.
Discussion
To obtain a quantitative description of the carotid sinus baroreceptor reflex control of the resistance of the total systemic vascular bed and pulmonary vas-cular bed, a description of the entire arterial pressure-flow relationships is critical.
For the entire systemic vascular bed, total peripheral resistance is classically defined as the ratio of the pressure gradient (mean arterial pressure minus mean central venous pressure) to cardiac output. This definition assumes linearity of the entire pressure-flow relationship. That is, the zero flow pressure equals zero, and AP/AF is constant at any range of flow or pressure. However, studies in isolated vascular beds have demonstrated that the pressureflow relationships are nonlinear and depend considerably on the absolute level of either pressure or flow (Green et al., 1963; Johnson, 1964) . It therefore becomes essential to obtain the pressure-flow relationship for the entire systemic vascular bed over the complete range of pressures and flows in order to interpret the effects of either a reflex or hormone on the system correctly. Levy et al. (1954) have shown a highly nonlinear pressure-flow relationship when baroreceptor reflexes are functioning. This is opposed to the data reported by Jackman and Green (1977) who report linear arterial pressure-flow relations when baroreceptors are kept intact.
The systemic arterial pressure-flow relationships we have obtained at various controlled intrasinus pressures were found to be nonlinear. This nonlinearity is clearly evident at either very low or high flows or arterial pressures, whereas the pressureflow relationship between arterial pressures of 50 and 150 mm Hg could be regarded as linear. This is in agreement with the findings of Liedtke et al. (1973) in which the arterial pressure-flow relationship was linear within the central region of the pressure-flow relation. Levy et al. (1954) found that arterial pressure-flow relationships were also linear over the range of arterial pressures from 40 to 140 mm Hg in bilaterially vagotomized and carotid sinus denervated dogs. More recently, Sagawa and Eisner (1975) have also shown that the arterial pressureflow relations are approximately linear for flows in the range from 60 to 140 ml/min per kg in either sinoaortic denervated or hexamethonium-blocked dogs. In these experiments, the extrapolated zeroflow pressure was small. On the basis of these findings, Sagawa and Eisner (1975) concluded that the conventional calculation of total peripheral resistance is acceptable for evaluation of reflex and other controls of vascular resistance. Although our data show a linear relationship around the normal operating point of flows, the large degree of nonlinearity at low flows combined with the existence of a zero flow arterial pressure indicates that the conventional calculation of total peripheral resistance could lead to inconsistent results, even when confined to the so-called normal region. Although Sagawa and Eisner (1975) drew a straight line through their data, it is evident, in the hexamethoniumtreated data in Figure 3 of their paper, that the Circulation Research/Vo/. 54, No. 6, June 1984 arterial pressure-flow relationship could be well described by a sigmoidal curve. The nonlinearity in their data is particularly evident at either low or high flows.
As our data indicate, there is a large variability in the pressure-flow relationship among individual dogs. Within a narrow range of either flow or pressure, the arterial pressure-flow relationship could be regarded as linear in any individual; however, the range in which this occurs is variable. The absolute value of the calculated resistance, pressure gradient divided by flow, is also variable. However, the changes in the calculated resistance mediated by the baroreceptor reflex system in any individual dog are consistent. The changes in zero flow arterial pressure caused by changes in intrasinus pressures are also consistent with the findings of Brunner et al. (1983) .
Because of the nonlinearity and large intersubject variation in both the absolute level and shape of the pressure-flow relations, single-point, two-point, or multiple-point approximations of the arterial pressure-flow relation may not be valid and must be viewed with caution. This is especially true in extrapolating out of the bounds of actual data to determine the zero flow arterial pressure. It is evident, from Figure 2 , that if a line is drawn between two or even three data points of the pressure-flow relation under a given intrasinus pressure and extrapolated to the pressure axis, it would be only chance to obtain the same zero flow pressure as was actually measured. This method of extrapolation has been used previously by Ehrlich et al. (1975) for the entire systemic vascular bed, with the assumption that the entire pressure-flow relation is linear.
We have determined the arterial pressure-flow relations over a wide range of mean pressures and flows while controlling the carotid sinus baroreceptor changes in vasomotor tone. We have found a family of nonlinear pressure-flow relations. Levy et al. (1954) found a nearly linear pressure-flow relationship when the carotid and aortic baroreceptors were denervated. However, when the reflexes were intact but uncontrolled, a highly curvilinear pressure-flow relationship was found which was convex to the pressure axis. Although our data differ from that of Levy et al. (1954) with respect to the linearity of the open loop pressure-flow relationship, this curvilinear relationship is to be expected when the reflex systems are intact. The upper panel of Figure  8 shows a typical arterial pressure-flow relationship from one dog (dog 4) under an open loop condition, i.e., when the carotid sinus baroreceptor pressure is independent of systemic arterial pressure. Under physiological conditions (closed loop), the carotid sinus baroreceptor pressure is equal to the arterial pressure, and therefore, the shape of the arterial pressure-flow relationship would be greatly affected. Instead of a family of curves, a single curve in which carotid sinus pressure equalled arterial pressure could theoretically describe the pressure- flow relationship. The lower panel of Figure 8 shows the constructed arterial pressure-flow relationship if the loop were closed (the arterial pressure is equal to the carotid sinus pressure). The individual data points and curve drawn through them show definite concavity toward the flow axis and a markedly different slope from any member of the original family. This curve is similar to the curves shown by Levy et al. (1954) in Figures 1 and 2 of their paper and is consistent with the theoretical analysis of Sagawa and Eisner (1975) . Folkow (1953) , Granger and Guyton (1969) , Shepherd et al. (1973) , Liedtke et al. (1973) , and Borgdorff (1983) have shown clear indications of flow autoregulation in the entire systemic vascular bed. This is opposite to what Levy et al. (1954) , Sagawa and Eisner (1975) , and Rumberger et al. (1978) have reported. Our data indicate that the flow autoregulatory response occurs over the entire range of flows from 25 to 150 ml/min per kg. Sagawa and Eisner (1975) failed to see a clear indication of flow autoregulation under normal flows using a pump-perfused dog preparation similar to those in our current experiments. Even when arterial P02 was lowered to 50 mm Hg, they could not observe flow autoregulation in the entire systemic vascular bed. Shepherd et al. (1973) have reported that the autoregulatory response occurs only when the experimental animal's tissues are rendered hypoxic by lowering control cardiac output or by ventilating with an hypoxic gas mixture. In our experiments, the degree of autoregulation was small or nonexistent at very low flows. Taken in the light of the observations of Shepherd et al. (1973) , this would indicate that tissue hypoxia was not a primary factor. The difference in the results of Shepherd et al. (1973) and these reported here may be traced to the differences in the preparation. In our preparation, systemic flow could be reduced while pulmonary flow was kept constant. Thus, systemic arterial blood Po 2 could be kept above 100 mm Hg even during low systemic flow. We cannot deny the possibility that tissue hypoxia is a factor contributing to the shape of the pressure-flow relationship at low flows. Granger and Guyton (1969) have reported flow autoregulation with a long-time course of 20-30 minutes. Liedtke et al. (1973) have reported that flow autoregulation becomes clearly visible in the entire systemic vascular bed in less than 5 minutes after a step change in cardiac output. Folkow (1953) reports even shorter periods for the autoregulatory response to occur. Our data indicate that the response begins to occur 10-15 seconds after the step change in flow. The magnitude and time course of the arterial pressure response we are reporting are similar to the responses reported by Jones and Berne (1964) for dog's isolated thigh muscle.
The exact stimulus for the autoregulatory response is not clear from our data. Since the autoregulatory response is seen at normal P02 and over a wide range of flows from 25 to 150 ml/min per kg, it would seem that a myogenic hypothesis is appropriate for our data. However, the fact that the autoregulatory response was not observed at very low flows is not explained by a myogenic hypothesis alone. Humoral factors such as renin, angiotensin, or vasopressin may attenuate the secondary fall in pressure seen at low flow rates. Although we cannot exclude this possibility, it would seem unlikely, since the onset of the response was seen within 10-15 seconds after a change in flow.
Unlike the systemic vascular bed, the pulmonary arterial pressure-flow relationships were linear over the range of flows studied. The pulmonary arterial pressure-flow relationships were fit with straight lines for the data within flows of 25-150 ml/min per kg. The carotid sinus baroreceptor reflex system was found to affect the slope of the pulmonary arterial pressure-flow relationship. We have no direct evidence regarding the actual zero flow pulmonary arterial pressure, since pulmonary blood flow was never lowered to zero flow and extrapolation is not valid. There is evidence that the pulmonary arterial pressure-flow relations, especially in the low-flow ranges, are nonlinear, and that a second order polynominal fit would best describe the data (Shoukas, 1975; Graham, 1982) .
Even though carotid sinus baroreceptor effects were observed in the pulmonary circulation, we could not demonstrate any secondary changes in pulmonary arterial pressure after step changes in pulmonary flow. We can only conclude that flow autoregulation is not a significant mechanism in the pulmonary vascular bed.
In summary, the present study indicates the existence of a highly nonlinear systemic arterial pressureflow relationship and a relatively Linear pulmonary arterial pressure-flow relationship. The carotid sinus baroreceptor reflex system affects both the pulmonary and systemic arterial pressure-flow relationships. Row autoregulation was found to be a significant part of the systemic arterial pressure-flow relationship, whereas it was not significant in the pulmonary arterial pressure-flow relationship.
